The psychrophilic protease subtilisin S41 from the Antarctic bacillus TA41, and two variants with two and seven amino acid substitutions were studied using molecular dynamics simulation at 283 and 363 K. The analysis of protein dynamics revealed that the average global flexibility of both variants was slightly higher than wild type at both 283 and 363 K. Essential dynamics analysis evidenced that the most relevant collective motions, especially at 363 K, differ in distribution and intensity for each protein variant. At high temperature and for the thermo labile wild type, an amplification of a subset of the low-temperature largest collective motions was observed. On the other hand, the two thermostable variants showed a rather different pattern of essential motions at 363 K from those at 283 K. These results support the hypothesis that the introduced amino acid substitutions, rather than improving the global stability of the variants by increasing its rigidity, lead to a change on the principal fluxional modes allowing the protein to explore a different subset of conformations. A better understanding of this process can open alternative strategies to increase the enzyme stability in addition to increasing the rigidity of the protein scaffold.
Introduction
Extremophile organisms express proteins that are designed to operate under extreme conditions, from the icing arctic sea poles to the scorching volcanic vents in the deep oceans (Thomas and Dieckmann, 2002; Jenney Jr and Adams, 2008) . These examples of adaptation are of great interest for academic research and for biotechnological application (Herbert, 1992; Demirjian et al., 2001 ; van den Burg, 2003) . Among these proteins, psychrophilic enzymes are important for sustainable biotechnological processes as a replacement of the efficient, but more energy demanding, mesophilic or thermophilic variants (Vieille and Zeikus, 2001; Gupta et al., 2002; Maurer, 2004) . Unfortunately, low thermal stability is a common drawback of cold-adapted enzymes preventing their efficient industrial exploitation. Differences in stability among extremophile proteins have been widely investigated Zeikus, 1996, 2001) . In all these studies, the lack of a consensus on the mechanisms responsible for the different stability in extremophiles suggests that there are different design principles governing thermal resistance.
A common strategy reported to improve protein thermal stability consists in the reinforcement of the overall structural rigidity of the protein by increasing the number of disulfide bonds, intra-molecular salt bridges and trimming the length of loop regions (Matthews et al., 1987; Storch et al., 1999; Zhang et al., 2006) . As a complement to these structureoriented approaches, in the last few years, new ideas emerged concerning the connection between stability and protein dynamics. In particular, it was proposed that protein fluctuations can provide a mechanism of thermal stability in addition to the structural modifications (D'Amico et al., 2002; Feller, 2007) . This hypothesis has been strongly supported by the recent progress in experimental techniques based on neutron diffraction methods (Tehei and Zaccai, 2007) , nuclear magnetic resonance (NMR) (Boehr et al., 2006; Henzler-Wildman and Kern, 2007) and in theoretical approaches based on computer simulations on protein dynamics in solution (Adcock and McCammon, 2006; van Gunsteren et al., 2006) . In particular, the new NMR methods can provide detailed new information on the dynamics of proteins at different levels of time scales (Henzler-Wildman and Kern, 2007; Mittermaier and Kay, 2009) . These NMR studies evidenced the importance of protein dynamics on the picosecond and nanosecond time scale for the stability and activity of extremophilic enzymes (Boehr et al., 2006; Krishnamurthy et al., 2009) . Among computational techniques, molecular dynamics (MD) simulation is used to provide detailed atomic models of the protein stability and dynamics (Daggett, 2006; Scheraga et al., 2007 Scheraga et al., ., 2008 van Gunsteren et al., 2008) . Many examples in the literature show that the intertwine combination of MD simulations and experimental data provides a powerful approach to unravel the detail of protein dynamics (see, for example, Morin and Gagné, 2009) .
Several MD studies have been performed to study and compare the thermal behavior of extremophilic enzymes (Colombo and Merz, 1999; Grottesi et al., 2002; Polyansky et al., 2004; Melchionna et al., 2006; Spiwok et al., 2007; Papaleo et al., 2008; Kundu and Roy, 2009; Merkley et al., 2010; Priyakumar et al., 2010) . Some of them report that thermostable enzymes have larger overall flexibility than their mesophile homologous or cold-adapted counterparts (Colombo and Merz, 1999; Grottesi et al., 2002; Papaleo et al., 2008) , others state that the difference in flexibility profiles were not as remarkable as often supposed (Spiwok et al., 2007; Merkley et al., 2010) . Most of these studies have been conducted using short time scale (,5 ns) simulations and this may be one of the reasons for the different conclusions. In fact, the long time scale MD simulations are normally necessary to obtain quantitative information to be comparable with experimental data (see for example van Gunsteren et al., 2008; Bös and Pleiss, 2009) . In this work, the modification induced by the temperature and amino acid substitutions on the structural and dynamics properties of a model psychrophilic protein was explored using long time scale MD simulations (50 ns). The model proteins used for this study were the Subtilisin S41 (named WT) and two variants with enhanced thermal stability (Wintrode and Arnold, 2001) . Subtilisin S41 (Fig. 1a) is a cold-adapted protease isolated from Antarctic bacillus TA41 (Davail et al., 1994) . The gene of the enzyme encodes for a 419 amino acid pro-enzyme but only 309 are present in the mature protease. The enzyme shares most of its properties with mesophilic subtilisins (structure of the precursor, 52% amino acid sequence identity, alkaline pH optimum, broad substrate specificity, Ca 2þ binding) but it is characterized by a higher specific activity on macromolecular substrates, a shift of the optimum of activity toward low temperatures and a low thermal stability (Davail et al., 1994) . Successful attempts to generate thermostable variants of the enzyme by directed evolution have been reported by Miyazaki and Arnold (Miyazaki and Arnold, 1999; Miyazaki et al., 2000; Wintrode and Arnold, 2001 ). The variant 1-14A7 (named MUT2 in this work) has two amino acid substitutions: Lys211Pro and Arg212Ala (Fig. 1b) , with a half-life at 333 K 10 times longer (84 min) than that of the wild-type S41 (8 min). A second variant, 3-2G7 (named MUT7, Fig. 1b) , with five additional amino acid substitutions (Ser145Ile, Ser175Thr; Lys221Glu, Asn291Ile and Ser295Thr), shows a half-life at 333 K 500 times longer than that of WT. In addition, none of the mutations in both variants were directly related to the active site conserved residues (Asp34, His71, Asn168 and Ser249) but an increase of their enzymatic activity at both low and high temperatures was observed (Miyazaki et al., 2000) . This result suggests that improvement in protein thermal stability does not necessarily decrease the activity at lower temperatures, as it normally occurs in naturally evolved thermophilic enzymes. Recently, the crystal structure of wild-type Subtilisin S41 has been solved (Almog et al., 2009) giving the possibility to study the molecular foundations of the improved thermal stability of both the mutants.
From the crystallographic structure the main difference of Subtilisin S41 from homologous mesophilic ones is the presence of more extended loops regions. Although, experimental studies of this protein using NMR methods are not yet reported in literature, it is common opinion that psychrophilic enzymes have evolved toward a high conformational flexibility that increases the catalytic efficiency at low temperatures but it reduces the thermal stability. In this paper, we will verify this hypothesis by comparing the structural and dynamic properties of WT, MUT2 and MUT7. In particular, In the Results section, the structural and dynamics properties obtained from the simulations at 283 and 363 K of the wild type and the two variants are reported. The dynamics properties of the enzyme are dissected in their principal fluctuation modes using essential dynamics methods. A comparison of these modes at the different temperatures was performed to assess their degrees of similarity. In addition, the results of simulations at 450 K used to induce the unfolding and qualitatively compare the relative stability of the models are also reported. In the Discussion section, the results from the Fig. 1 . Cartoon representations of the crystal structure of Subtilisin S41 indicating (a) the active site residues (D34, H71, N168 and S249), the ion binding sites (Ca-1, Ca-2, Ca-3, Ca-4 and Na-5) and the extended loops. The most flexible loop groups are identified in dark grey. (b) The position of the amino acid substitutions in MUT2 (K211P, R212A) and the additional substitutions leading to MUT7 (S145I, S175T, K221E, N291I, S295T). The active site residues (D34, H71 and S249) and the structural ions are represented in surface mode. simulations are further examined by comparing with the literature. Finally, in the Conclusion section a summary and outline of the paper is presented.
Materials and methods

Starting structures
The starting structure for the MD simulations of Subtilisin S41 was the crystal structure of the protein recently resolved at 1.4 Å resolution (Almog et al., 2009) and deposited with the PDB code 2GKO. The four structural calcium ions (indicated as Ca-1, Ca-2, Ca-3 and Ca-4, respectively), the sodium ion (indicated as Na-5) and water molecules present in the crystal structure were retained while the other ligands ( phenylmethylsulfonyl fluoride) were removed. The mutants MUT2 and MUT7 were generated from the WT structure using the mutate tool of the program Swiss PDB Viewer (Guex and Peitsch, 1997) by selecting the most favorable rotamers for each mutated residue. The optimized potentials for liquid simulations (Jorgensen and Tirado-Rives, 1988) force field was used for all simulations. TIP4P was adopted as the water model (Jorgensen et al., 1983) .
The simulation boxes were built by centering each protein molecule in a truncated octahedral periodic box. The size of each box was set to have a minimal distance between the protein atoms and any side of the box of 0.75 nm. The final volume of each box was equal to 320 nm 3 . The proteins were solvated by stacking an equilibrated box of 216 water molecules to completely fill the simulation box. All solvent molecules with any atom within 0.15 nm from solute atoms were removed. The resulting total charge of the box was 22 for WT, 24 for MUT2 and 26 for MUT7, respectively. Sodium counter ions were added by replacing the water molecules at the most negative electrostatic potential to balance the total charge of the box. The size of the simulated systems is reported in Table I .
Simulation protocol
The potential energy of the systems was minimized using the steepest descendent method for at least 500 steps to relax the protein structure and remove clashes caused by the water box generation. The three proteins were studied at the three reference temperatures of 283, 363 and 450 K. The large temperature gaps were chosen to enhance the temperature effect on the protein dynamics in the simulation time scale. The simulations at 450 K were used to induce the protein unfolding and qualitatively study the relative stability of the different proteins. All simulations were performed by keeping the temperature at the reference values by weak coupling (coupling constant t ¼ 0.1 ps) with an external bath (Berendsen et al., 1984) . The protein and the rest of the system were coupled to two different temperature baths. The pressure of the system was kept constant at 1 bar by using the Berendsen's barostat (Berendsen et al., 1984) with a coupling constant of t p ¼ 0.5 ps. The linear constraint solver algorithm was used to constrain all bond lengths (Hess et al., 1997) . For the water molecules, the SETTLE algorithm was used (Miyamoto and Kollman, 1992) . A dielectric permittivity, 1 r ¼ 1 and a time step of 2 fs were used. The non-bonded interactions (electrostatic and Leonard-Jones) were calculated using the particle mesh Ewalds method (Essmann et al., 1995) . For the calculation of the long-range interactions, a grid spacing of 0.12 nm combined with a fourth-order B-spline interpolation were used to compute the potential and forces between grid points. A non-bonded pair-list cutoff of 0.9 nm was used and the pair-list was updated every five time steps. The MD simulations were started by assigning to all atoms initial velocities obtained from a Maxwellian distribution at the given temperatures. The water distribution and the box density were equilibrated for 100 ps using position restraints on the protein heavy atoms. After the equilibration, the position restraints on the protein were removed and the system was gradually heated from 50 K to the simulation temperature during 50 ps of simulation. The following production runs were 50 ns long.
Analysis of the simulations
Each simulation was monitored using standard structural analysis. Total and per residue backbone (C, Ca and N) root-mean-square deviations (RMSD) were calculated with respect to the reference crystal structure of WT S41 Subtilisin. The secondary structure of the protein was analyzed using the DSSP criteria (Kabsch and Sander, 1983) . The presence in the binding site of the four calcium and one sodium ions was monitored by analyzing time series of selected distances (for Asp and Glu the minimum distance with the two side chain carboxylic oxygen and for Leu182 the carbonyl oxygen atom were used, respectively) between Ca-1 and Asp286, Ca-2 and Asp216, Ca-3 and Glu49, Ca-4 and Asp114 and Na-5 and Leu182, respectively. Total and local root-mean-square fluctuations (RMSF) of heavy and backbone atoms were used to quantify the protein flexibility. The average RMSF(i) for the ith residue was calculated by averaging the RMSF of atoms belonging to the same residue. In addition, the local RMSF (LRMSF) of loop regions was calculated from the RMSF(i) as:
RMSFðiÞ where N 2 and N 1 are the residue numbers (Polyansky et al., 2004) . The differences of LRMSF were used to characterize the variation of flexibility for the different variants and at 283 and 363 K. The significance of the mutation-and temperature-induced differences observed in the dynamic behavior of loop regions was evaluated using the t-student test. The analysis of RMSD and RMSF per residue was performed on the last 20 ns of the trajectories
Cluster analysis
The study the protein backbone conformations sampled every 10 ps during the MD simulations was conducted using Temperature effects on structure and dynamics of the psychrophilic protease subtilisin S41 the groningen molecular simulation program package cluster algorithm (Daura et al., 1999) . For each structure, a least-square translational and rotational fit was performed using backbone atoms, and the RMSD for the backbone atoms of the proteins were calculated.A cutoff of 0.07 at 283 K and 0.10 nm at 363 K were used.
Essential dynamics analysis (EDA)
This method is based on the principal component analysis of MD trajectories and allows separating the large (nonlinear) amplitude correlated motions present in the different proteins at different temperatures from the quasi-harmonic mode associated with thermal noise fluctuations (Garcia, 1992; Amadei et al., 1993) . The analysis was performed on protein backbone atoms obtained from the last 20 ns of the MD simulation trajectories of each protein at both 283 and 363 K. The details of the procedure for the analysis are described elsewhere (Amadei et al., 1993) . The total number of eigenvalues and eigenvectors considered for the analysis was 2781. The WT crystal structure was used as reference for the analysis of all the simulations. The resulting eigenvectors and eigenvalues define the direction and the amplitude, respectively, of specific orthogonal modes of fluctuation of the molecular system. The comparison of eigenvectors obtained from the different simulations was performed using the root-mean-square inner product (RMSIP) defined as
where v i and u j are ith and jth eigenvectors of the two different m dimension essential subspaces of different systems. RMSIP gives a simple measure to assess their dynamical similarity. The convergence of the essential modes was performed by comparing the RMSIP's calculated from the two halves (0 -25 and 25 -50 ns) of the trajectories. The values obtained from this analysis are reported in Table SIV of the Supplementary materials. The statistical significance of the overlap between two eigenvectors was estimated by comparing it with the projections of a randomly oriented unit vector onto a given set (Amadei et al., 1999) and onto eigenvectors obtained from the simulation of a structurally equivalent but uncorrelated biopolymer. For the first case, the probability density r(s,M) of finding a value s of the square projection of a random unit vector onto one of the eigenvectors of the given set is (Amadei et al., 1999) rðs; MÞ ¼ ðM À 1Þð1 À sÞ
MÀ1
where M ¼ 2781 is the dimension of the space. The value of s 0 giving the 99% of confidence that a given s is similar to a random distribution is calculated from the integral of the probability density (Roccatano et al., 2003) : The square projection of one eigenvector onto a reference set is statistically significant if s . s 0 or in case s , s 0 can be considered compatible with the random distribution. The value of s 0 gives a lower limit for testing the inner product matrices (IPMs) of the eigenvectors derived from the backbone EDA of the simulations. The upper-limit estimation was obtained from a topological equivalent but uncorrelated molecular system. For this purpose, 30 ns MD simulation in vacuum and at 500 K of a poly-glycine chain having the same length and initial fold of the WT S41 Subtilisin crystal structure backbone was performed. The first 30 eigenvectors obtained from the analysis of the backbone atoms of the last 20 ns of the simulation were compared with those from simulations in water. The IPMs showed distributions with values not exceeding 0.2.
Software
MD simulations and the analysis of trajectories were performed using the GROMACS 4.0.7 software package (Hess et al., 2008) . The program VMD (Humphrey et al., 1996) was used to produce all the pictures of the molecular structures.
Results
Structural properties
The secondary structure (in particular a-helix and b-sheet) of proteins in all the simulations did not show remarkable variations along the simulation time (see Table SI ).
The average radius of gyration and total surface areas of WT, MUT2 and MUT7 indicate that the variation of the protein structure compactness at 363 K did not exceed 6% of the one at 283 K (see Table SIIa On the contrary, this deviation was not observed in the simulation at 283 K. In the case of MUT7 (c), the same region did not show remarkable variation from the crystal structure at either 283 or 363 K.
Cluster analysis
The cluster analysis performed with a 0.1 nm cutoff revealed a convergence in the number of clusters formed at 283 and 363 K, with median structures at 363 K representing 63% of the total conformations for WT, 20% for MUT2 and 38% for MUT7. The structural variation was concentrated in the loops mentioned above, and clearly visible when the conformation of the crystal structure of S41 is overlapped with the median structure calculated for each simulation at 283 and 363 K (Fig. 3, Panel I ).
Active site
The conserved active site residues (Asp 34, His 71, N168 and S249) show a very low backbone RMSD and RMSF values (Fig. 2) for all the simulations. The only large conformational change was observed for the His71 side chain that return to its unbinding conformation on the removal of the ligand PMSF from the active site (Almog et al, 2009) . Temperature effects on structure and dynamics of the psychrophilic protease subtilisin S41
Panel II of Fig. 3 shows the active site conformation of the representative (median) structures of the most populated backbone conformation obtained from the cluster analysis of the WT trajectories at 283 K (a) and 363 K (b), respectively, compared with the configuration of the crystal structure. Tyrosine 111 (licorice representation) is shown blocking the access to S4-binding site when the simulation is run at 363 K, mainly due to a configuration change on loop 105-110 (left component of S4 pocket rim). There are reports that Tyr104 of Subtilisin BPN 0 (corresponding to Tyr111 in S41) might act as a flexible lid for the S4-binding site (Takeuchi et al., 1991) . Similar conformational changes are also observed in MUT2 and MUT7 clusters at 363 K but in less represented clusters.
Structural ions
In all simulations, calcium ions remained in their initial position within a distance of 0.4 nm from the control coordinating residues. The same occurred for the sodium ion in position Na-5, with the exception of MUT2 at 363 K in which the ion left the coordination site after 30 ns of simulation time (see Figs S1 -S3). The loose coordination of the sodium ion is a consequence of both the lower change and the less number of coordinating residues in the position Na-5. In fact, the Ca-4 and Na-5 position were identified in the crystal structure as low-affinity calcium ions binding site from the number and type of calcium-binding ligands (Almog et al, 2009 ).
Protein hydration
The hydration of the protein during the simulations was analyzed by averaging the number of water molecules within 0.5 nm from the protein during the simulations. The average number of water molecules at 283 and 363 K show a decrease of 6% due to the decrease in the temperature of the overall box density. The values did not show significant differences among the different proteins at both temperatures (see Table SIIb ).
Dynamic properties
RMSF values per residue are reported in Panel III of Fig. 2 . The regions with the largest flexibility corresponded to the loop regions for all three variants.
As expected, the largest values are in correspondence with loop regions, accounting for 50 % of the overall backbone flexibility. The observed fluctuation pattern was different for each variant, especially in correspondence of the amino acid substitutions (dotted line).
In Table II , the average RMSF values for heavy and backbone atoms calculated over the last 20 ns of each simulation are reported. The differences between the values were statistically tested using the t-student method. The increase of the average RMSF values ranging from 283 to 363 K is the same for all proteins. Furthermore, the WT average fluctuations for both heavy and backbone atoms at the two temperatures were found slightly lower or equal to those of MUT2 and MUT7 simulation, respectively. Contrary to the common expectation, this result suggests that the mutations of the two thermostable variants do not increase the overall rigidity of the enzymes.
Although the overall fluctuations do not have dramatic changes, from Fig. 2 it is evident that the changes in the protein dynamics reflect a redistribution of the fluctuation pattern mainly in the loop regions of the proteins. Therefore, the differences among average local fluctuations (LRMSF) of the most flexible loops were analyzed.
Loops classified into three groups are represented in dark grey in Fig. 1a and 138-146. Both loops are near to the active site and are in proximity (or even part of ) the so-called S4-binding pocket (Siezen and Leunissen, 1997) .
In Table IIIa and b, the LRMSF of loop regions of the three groups from all the simulations are reported. The comparison with the WT values revealed remarkable differences on the loop flexibility for each variant and at different temperatures. WT shows two major flexible regions (loops 83-87 and 105-110) with RMSF values significantly higher than the less mobile loops. The large flexibility of these two loops is not limited to WT but it is also present in the two mutants. Since loop 105 -110 is close to a low-affinity calcium-binding site and is part of the S4-binding pocket, its high flexibility at low temperature might be beneficial for the enzymatic activity. However, at high temperatures, the enhanced flexibility can alter the structure of both the calcium-binding site and of the S4-binding pocket. This might eventually lead to a loss of activity even before major structural failure occurs by unfolding. MUT2 and MUT7 at 283 K have the same number of loops (three) showing similar LRMSF as for the WT but none of them are similar with each other. At the higher temperature, the number of LRMSF of similar intensity as the WT is four with two of them in common (loops 39 -47 and 83-87). The comparison of LRMF between MUT2 and MUT7 indicates no similarity. Similar conformational change is also observed in the MUT2 and MUT7 simulations at 363 K but with less frequent occurrence.
The double-mutant MUT2 showed a decrease in the flexibility on loop 105-110 and an increase in loops 209-222 and 138 -146. This change on the flexibility profile might result in stabilization of the S4-binding pocket, allowing the enzyme to remain active at high temperatures for longer time than WT. Loop 209-222 is localized far from the active site but it is still part of the Ca-2-binding site and its disruption can lead to a structural failure of the protein.
MUT7 evidenced a change of the most flexible areas from loop 209-222 to loops 39-47 and 237-241. Four out of the five introduced substitutions are in the neighborhood of the Ca-2 and Ca-1 calcium-binding sites, most probably re-stabilizing these loops from the perturbation caused by the previous substitutions in positions 211 and 212. Finally, the fluctuation level on the loop 138 -146 decreased back to the values of WT.
Essential dynamics analysis
The analysis of the RMSF and LRMSF can only tell the variation of the fluxional pattern of the protein but not how these fluctuations are correlated among them and along the tridimensional degree of freedom of the molecule. In order to obtain this information, the fluctuations of the protein backbone were analyzed by means of EDA. The number of eigenvectors contributing to the 70% of the total motion (essential eigenvectors) calculated for WT and the two variants at 283 and 363 K are reported in Table IV (the cumulative percentage of the fluctuation for the first 100 eigenvectors is reported in Fig. S4 of the Supplementary materials). For WT simulation at 363 K, the number of essential eigenvectors decreased from 47 to 27, suggesting a narrowing of the essential space as a consequence of a change on the principal soft motions.
The comparison of the essential subspace using the RMSIP, represented by the first 30 eigenvectors at both temperatures, resulted in values higher than 0.6 (Table SIII of Supplementary materials). These values are comparable with those obtained by comparing the two halves of the trajectories (Table SIV) indicating a significant overlap among essential subspaces of these proteins. In addition, the inner product (IP) matrix of the same eigenvectors (Fig. 4) shows an evident correspondence (IPs . 0.4; note that the pure random model and pseudo random model of the analyzed protein provide only values IP , 0.2) of different lowtemperature essential modes with those obtained at a high temperature.
The backbone RMSF calculated for the projection of the trajectories along the first 3 eigenvectors show collective fluctuations mainly involving loops 83 -87 and 105-110 (Fig. 5a ). The RMSF profiles at both temperatures are very similar consistently with their IP (.0.6). The other two eigenvectors at both the temperatures has less similarity and no fluctuations along the loop 83-87. In Fig. 6 , the tridimensional representation of concerted motions along the essential eigenvectors for WT (a) at 283 K (1) and 363 K (2) is Temperature effects on structure and dynamics of the psychrophilic protease subtilisin S41
reported. At 283 K, the only major variation occurred in loop 105-110, which is related to the flexibility of the S4-binding pocket, necessary for enzyme activity (Siezen and Leunissen, 1997) . At 363 K, the increased flexibility of loops 83-87 and 105-110 was clearly visible (Fig. 7, a 2 ) along with the increase in flexibility for loop 237 -241. Differently from WT simulation, the number of essential eigenvectors calculated for MUT2 shifted from 32 at 283 K to 28 at 363 K. The overlap of the essential subspaces (0.515) and IP matrices also suggested a lower similarity of the essential modes at the two temperatures (Fig. 4) . The RMSF profile along the first 3 eigenvectors (Fig. 5b) is different at the two temperatures. In fact, collective motions at 283 K involve mainly loop 138 -146 and, at 363 K, loops 83-87 and 105-110 . Furthermore, the fluctuations along the loop 209-222 at 363 K occur mainly along the second and third eigenvectors. The IP matrices calculated among the different proteins show a higher essential subspaces similarity at 283 K rather than at 363 K (Fig. S5 of Supplementary materials). In Fig. 6b , the tridimensional representation of the essential modes shows clearly that, at low temperature, the only major fluctuation occurred in loop 138-146 in correspondence of the S4-binding pocket. However, at 363 K, the larger fluctuations involved the loops 209-222, 83-87 and 105 -110 (Fig. 6, b 2 ) .
Finally, in the case of MUT7, the number of essential eigenvectors does not show a significant change, having 34 at 283 K and 31 at 363 K. The RMSIP value (0.521) was again lower than WT as also the similarity between eigenvectors at both 283 and 363 K (Fig. S5 of Supplementary  materials) , whereas the IP matrix shows that the subset of eigenvectors representing the principal motions at 283 and 363 K have a lower degree of similarity. The RMSF profile along the first and second eigenvectors at 283 K was very different to that obtained at 363 K since collective motions at 283 K included loop 105 -110, whereas at 363 K loops [83] [84] [85] [86] [87] [105] [106] [107] [108] [109] [110] ) were involved in the overall motion of the protein. The concerted modes at 283 K reported in Fig. 6 , c 1 involve mainly loop 105-110. At 363 K, these modes were described in different loop regions, in particular loops 15-21, 83 -87, 105-110 and 138-146 . In this case, the temperature increase did not simply enhance the modes present at lower temperature but seems to activate different ones in other regions of the protein (Fig. 6, c 2 ) .
Unfolding simulations
In Fig. 7a and b, the backbone RMSD and RMSF per residue from the simulations at 450 K are reported. The trends of the curve show a qualitative consistency with the thermal tolerance observed experimentally for the three proteins. The highest deviations and fluctuations are concentrated in the N-terminal end of the protein (residue 1 -30), loops 165-180 and 237 -241 suggesting that these are related with the unfolding process of S41, which is consistent in WT, MUT and MUT7. While the fluctuation profile is similar, analysis of the three-dimensional conformations at 30 ns and the increase in the radius of gyration of the variants over simulation time support that, on a given simulation time, there is a different qualitative level of unfolding, which is higher for WT, compared with MUT2 and MU7 (Fig. 8) .
Discussion
The increased thermal stability of MUT2 with respect to the WT enzyme was considered as the effect of stabilization of the extended loop 209-222 by the two mutations at 211-212 positions (Miyazaki and Arnold, 1999) . In MUT7, four of the additional five amino acid substitutions are localized on the same loop. In particular, the substitution Lys221Glu is localized in proximity of the calcium-binding site Ca-2, whereas Asn291Ile and Ser295Thr are close to the Ca-1-binding site. The half-life at 608C of MUT7 increases at high calcium concentrations (Miyazaki et al., 2000) in clear consistency with the possible effect of the Ca-2 binding (Almog et al. 2009 ). Our high-temperature simulations provide a possible qualitative scenario of the unfolding of the three proteins. The total RMSD and radius of gyration distinguish the WT from the mutant's trend. The latter show a similar variation with the temperature. A more detailed analysis of the residue deviation and fluctuation shows that the unfolding starts from the N-terminal region of the proteins. However, these results are obtained by very high temperature that may flatten the subtle difference of thermal stabilization mechanism in the variant. The unfolding of Subtilisin proteases is an irreversible process and it can share at very high temperature a similar trend. Furthermore, another important effect to take into account in the interpretation of these modeling data is the tendency of Subtilisin (and proteases in general) to the auto-proteolysis that normally occurs in the loop regions. This effect can be influenced by the mobility of these regions (Siezen and Leunissen, 1997) .
In this sense, the results of our MD simulations also suggested that the effect of mutations on the thermal stability of the variants may be more complex than a structural reinforcement and could involve changes of their internal dynamics. In particular, WT simulations showed a low mobility for the loop 209 -222 ( probably determined by the presence of Ca-3) and higher mobility of the shorter loop regions (83 -87 and 105 -110) at both 283 and 363 K. In MUT2, the loop 209 -222 showed an increased mobility only at 363 K whereas mobility of the active site loop 105-110 was rather reduced at the same temperature. Our results support the Temperature effects on structure and dynamics of the psychrophilic protease subtilisin S41 stabilization of the region where the amino acid substitution was introduced in MUT7, since RMSD and RMSF values per residue decreased with respect to those in the same positions in MUT2 at 363 K (Fig. 2) . Despite MUT7 shows a higher overall flexibility than WT, a detailed inspection evidences that there are no loops with very high RMSF values (Table III) . This, together with the change on the essential modes at 283 and 363 K suggests that the protein structure remains stable at higher temperatures. The idea of an enhancement of different set of essential modes upon increase of temperature has also been proposed in other studies of thermophilic (Colombo and Merz, 1999; Grottesi et al., 2002; Wintrode et al., 2003; Motono et al., 2007) or mesophilic proteins (Roccatano et al., 2003) but not yet experimentally demonstrated. However, recently experimental results from NMR and Neutron scattering are showing the importance of localized enhanced fluctuations in hinge regions of the protein for the enzyme activity (Meinhold et al., 2008; Krishnamurthy et al., 2009) .
In the last years, there have been also different experimental results proving the role of flexible loop region on protein thermal stability. Jang et al. (2002) showed that removing one of the two unique long loops from thermicin subtilisinlike protease yields either a less active variant or a less thermostable one. The removal of the extended loops was performed to eliminate possible weak points on the structure to further increase thermal stability, but the results suggested that those loops are an important structural factor that may play a role on the protein ability to withstand high temperatures. This results support also the idea expressed before that the mechanism of thermal stabilization in these proteins can be more elaborate and involve also the dynamic aspect of the protein structure.
At high temperature, the essential modes of WT are rather similar but reduced in number in comparison with those obtained from low-temperature simulations. These modes involve few loop regions of the protein that show an amplification of the overall fluctuations as the temperature is increased. On the contrary, the essential modes of MUT7 are rather different at 283 and 363 K. Furthermore, the number of essential subspaces is constant with the increase of temperature resulting in a larger number of collective modes involving loop regions than in WT. Moreover, the loop regions involved in these essential modes are not in structural correspondence of the binding or active site region of the protein. Finally, the essential eigenvectors for both mutants have lower resemblance with those at a higher temperature (Fig. S5) .
Conclusions
In this work, we have reported a comparative study using MD simulations of the psychrophilic Subtilisin S41 and two variants with enhanced thermal stability and activity at 283 and 363 K. The results of these studies show that the amino acid substitutions introduced in the variants do not change substantially the structure and overall fluctuations with respect to WT. A detailed study of the fluctuation profiles revealed consistent variations on the collective modes, suggesting that the increase on temperature enhances the amplitude of some of the essential modes also present at a low temperature. Based on these results, we propose as a possible and alternative explanation of high-temperature adaptation on these variants, based on the change of the essential modes present at low and high temperatures (mainly involving loops that are not close to the active site). This variation keeps flexibility of the variants comparable with WT levels for residues relevant to the catalytic activity, allowing them to retain activity at both high and low temperatures.
Although these results are not conclusive and based on a theoretical model, they can provide argument for further experimental and theoretical investigations. Understanding the possibility to modulate the dynamic behavior of an enzyme might offer alternative strategies to improve protein stability, in addition to the structural stabilization approaches.
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